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Abstract 28 
This paper presents iron (Fe) profiles in the upper 1000 m from nine short-term 29 
(transect) stations and three long-term (process) stations occupied in the Australian sector of 30 
the Southern Ocean during the SAZ-Sense expedition in austral summer (January–February) 31 
2007. Strong vertical and horizontal gradients in Fe concentrations were observed between 32 
the 18 sampled profiles (i.e. 0.09–0.63 nmol/l dissolved Fe (dFe)). Average dFe 33 
concentrations in surface waters in the northern Sub-Antarctic Zone (SAZ-N) West (station 34 
P1) were 0.27±0.04 nmol/l. This is lower than in the SAZ-N East region (station P3 and 35 
around) where average dFe values in the mixed layer were 0.48±0.10 nmol/l. The Polar Front 36 
(PF) station (P2) exhibited the lowest average surface Fe values (i.e. 0.22±0.02 nmol/l). Iron 37 
concentrations in deep waters down to 1000 m were more uniform (0.25–0.37 nmol/l dFe), 38 
which is in accordance with values reported elsewhere in remote waters of the Southern 39 
Ocean, but lower than those observed in the North Atlantic and North Pacific basins. A strong 40 
decoupling was observed between dFe and nutrient cycles at all stations. Particulate Fe levels 41 
were generally very low for all SAZ stations (<0.08 – 1.38 nmol/l), with higher values 42 
observed at stations collected near Tasmania and in the SAZ-N East region. The intrusion of 43 
subtropical waters, enriched with Fe from sediments or dust further north, is thought to 44 
mediate Fe input to the SAZ-N and STZ areas, while input from below would be the main 45 
source of Fe in the PF region. We applied the tracer Fe* (Fe*= [dFe]-RFe:P × [PO43-], where 46 
RFe:P is the algal uptake ratio) to estimate the degree to which the water masses were Fe 47 
limited. In this study, Fe* tended to be negative and decreased with increasing depths and 48 
latitude. Positive Fe* values, indicating Fe sufficiency, were observed in the (near-)surface 49 
waters collected in the SAZ-N East and near continental sources, where primary production 50 
was higher and ultimately limited by the lack of macro-nutrients, not Fe. Micro-organisms 51 
residing in the SAZ-N West and PF on the other hand experienced negative Fe*, indicating a 52 
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strong co-limitation by low silicic acid concentration and Fe supply (and light in the case of 53 
PF).  54 
 55 
Keywords: iron, distributions, macro-nutrients, biogeochemistry, Southern Ocean56 
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1. Introduction  57 
 58 
The Southern Ocean plays a key role in regulating global climate by controlling the 59 
concentration of the climatically-important greenhouse gas carbon dioxide (CO2) (e.g. 60 
Siegenthaler and Sarmiento, 1993; Chisholm, 2000). The efficiency of the biological pump in 61 
the Southern Ocean is restricted by the availability of the micro-nutrient iron (Fe) (Martin and 62 
Fitzwater, 1988; de Baar, 1994), and to a lesser extent the concentration of silicic acid 63 
(Dugdale et al., 1995; de Baar et al., 1999; Moore and Abbot, 2002), grazing pressure 64 
(Lancelot et al., 1993; Smetacek et al., 2004) and light levels (Nelson and Smith, 1991; 65 
Mitchell et al., 1991; Sunda and Huntsman, 1997). Laboratory and mesoscale field-based Fe 66 
enrichments experiments conducted since 1989 have demonstrated that Fe limits primary 67 
production in High Nutrient Low Chlorophyll (HNLC) areas such as the Southern Ocean (e.g. 68 
de Baar et al., 2005; Boyd et al., 2007 and references therein). Such artificial fertilisations 69 
nevertheless cannot realistically mimic natural processes, because the speciation of the added 70 
nutrient (i.e., acidified Fe), as well as the mode of addition and duration are different. 71 
Therefore, the response of the artificially perturbed ecosystem will not be representative of 72 
natural processes. Surveys of natural Fe fertilisations in high phytoplankton bloom regions of 73 
the HNLC areas are therefore essential to further our understanding of the biogeochemistry of 74 
Fe (e.g., de Baar et al., 1995; Blain et al., 2001; 2007; Planquette et al., 2007). In this context, 75 
the SAZ-Sense project was designed to use the spatial differences in biogeochemistry 76 
observed in the Australian sector of the Southern Ocean as a platform to study key 77 
components of sub-Antarctic ecosystems.  78 
The SAZ-Sense study surveyed specific oceanographic regions of the Sub-Tropical 79 
Zone (STZ), Sub-Antarctic Zone North (SAZ-N), Sub-Antarctic Zone South (SAZ-S), Polar 80 
Frontal Zone (PFZ) and Antarctic Zone (AZ) south of Australia (Figure 1). The north to south 81 
fronts that separate these oceanic zones are respectively the Sub-tropical front (STF), the 82 
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northern sub-Antarctic front (SAF-N), the southern sub-Antarctic front (SAF-S) and the Polar 83 
Front (PF) (Figure 1). The hypothesised spatial differences in Fe distributions observed 84 
between the regions south, east and west of Tasmania provide a unique natural context to 85 
evaluate natural iron fertilisation of the Southern Ocean. In contrast with the SAZ region west 86 
of Tasmania (135 to 145ºE) where productivity is low, the zone east of Tasmania (150 to 87 
160ºE) exhibits relatively high phytoplankton biomass (Trull et al., 2001; Griffiths et al., this 88 
volume). These zonal asymmetries are possibly intimately linked with spatial and temporal 89 
changes in light, Fe and silicate availability in Sub-Antarctic surface waters east and west of 90 
Tasmania (Boyd et al., 1999). This paper reports the results for dissolved and particulate Fe in 91 
the water column (≤1000 m depth) of process stations in the SAZ-N East, SAZ-N West and 92 
PF in January-February 2007 (austral summer) and transect stations sampled along transects 93 
between these zones (i.e., through the STZ, SAZ-S and PFZ). These data provide information 94 
on spatial asymmetries observed in this region of the Southern Ocean, and will be used to 95 
evaluate the sources and fate of Fe, and its effect on carbon cycling, in sub-Antarctic and 96 
Polar Southern Ocean waters south of Australia (see Bowie et al., in press). 97 
 98 
2. Methods 99 
2.1. Sample collection 100 
Protocols recommended by the new international program GEOTRACES were 101 
followed as closely as possible (Bowie and Lohan, 2009). Seawater samples were collected in 102 
late austral summer 2007 (21 January - 19 February) as part of the SAZ-Sense expedition 103 
aboard the RSV Aurora Australis (cruise au0703). The study spanned Subtropical (STZ) to 104 
Sub-Antarctic regions East and West of Tasmania (named respectively SAZ-East and SAZ-105 
West hereafter), as well as the Polar Frontal Zone (PFZ) in order to adequately characterise 106 
biogeochemical spatial differences (see Figure 1 in Griffiths et al., this volume). This survey 107 
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included both short (transect) stations and week-long process stations. The study area and 108 
locations of the stations sampled for trace metals are shown in Figure 1. Water samples for 109 
trace metal measurements were collected from the surface (15 m) down to 1000 m depth 110 
using an autonomous 1018 intelligent rosette system specially adapted for trace metal work 111 
and deployed on a Kevlar hydroline (Ellwood et al., 2008; Bowie et al., in press) (General 112 
Oceanics, USA). The rosette was equipped with 12x5-L Niskin-1010X bottles specially 113 
modified for trace metal water sampling and on 11 casts, a Falmouth Scientific Instruments 114 
micro- conductivity-temperature-depth (CTD) unit. Care was taken in order to avoid any 115 
contamination from the ship and the operating personnel. Upon recovery, zip-lock bags were 116 
placed onto the Teflon taps and Niskin bottles immediately transferred into a trace-metal-117 
clean laboratory container on the ship’s trawl deck. 118 
 119 
2.2. Processing and Analysis 120 
Water samplers were processed aboard under an ISO class 5 trace-metal-clean laminar 121 
flow bench. All materials used for sample handling were made of Teflon, high density 122 
polyethylene (HDPE) or low density polyethylene (LDPE) and were acid-washed according 123 
to the International Polar Year - GEOTRACES procedures described by Bowie and Lohan 124 
(2009). Nitrogen gas passed through an in-line 0.2 µm pore-size Teflon membrane filter was 125 
used to over-pressurise the water samplers (<10 kPa). Samples were drawn through C-Flex 126 
tubing (Cole Parmer) and filtered in-line through 0.2 µm pore-size acid-washed capsules (Pall 127 
Supor membrane, Acropak 200). Samples were collected in 60 ml Nalgene LDPE bottles for 128 
analysis of dissolved trace metals and macro-nutrients. All transfer tubes, filtering devices and 129 
sample containers were rinsed liberally with sample before final collection. 130 
Particulate Fe (PFe) was determined in suspended particles collected in situ using a 131 
size-fractionated stack consisting of 142 mm diameter (134 mm active area) quartz fibre filter 132 
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(Whatman QMA, nominal pore size 1 µm) and a 54 µm polyester pre-filter screen (Sefar 133 
Filtration, Inc.) housed in large volume in-situ pumps (McLane Research Laboratories Inc., 134 
United States) suspended on plastic-sheathed hydrowire. The QMA filter was underlain by a 135 
70 µm Teflon filter for support. All filters were acid cleaned prior to use: support and 136 
prefilters were acid leached in 0.1M HCl (ultrapure), and QMA filters were leached in 0.3M 137 
HCl (Bishop et al., 1985). QMA filters were also pre-combusted at 450°C for 4 hours. Upon 138 
recovery of the pumps, sub-samples of the QMA filter (1-54 µm size fraction) were taken 139 
using an acid-leached circular plastic punch (19 mm diameter). Sub-samples were dried in a 140 
laminar flow bench and stored at ambient temperature in acid-washed petri dishes until 141 
further analysis in the home laboratory. Results for the 1-54 µm size fraction are presented 142 
here.  143 
Filtered samples were acidified with Seastar 12 M HCl (0.52 ml/l sample) within 24 144 
hours of collection, and dissolved Fe (dFe) determined shipboard by flow injection analysis 145 
with chemiluminescence detection (FI-CL) using in-line preconcentration on a 8-146 
hydroxyquinoline chelating resin (adapted from Bowie et al., 1998; 2002; Hopkinson and 147 
Barbeau, 2007). Briefly, the technique is based on the Fe-(II) detection using the 148 
chemiluminescent reaction with luminol, with sodium sulphite (100 µmol/l Na2SO3, Sigma) 149 
added at least 1 hour before analysis to ensure complete reduction of any Fe-(III) present in 150 
the low pH sample. Samples were buffered in-line using 0.4M ammonium acetate (NH4Ac) to 151 
reach optimum pH=4.7 before pre-concentration onto the resin. Blanks B0 (8 µmol/l sodium 152 
sulfite Na2SO3 in Ultra High Purity –UHP– water), B1 (0.006M HCl + 16 µmol/l Na2SO3 in 153 
UHP water) and B2 ( NH4Ac buffer in line alone) were run daily to verify the performance of 154 
the system. The contributions to the blank of the acidification by ultrapure HCl and reduction 155 
by addition of Na2SO3 were negligible. The limit of detection (LoD) was calculated as 3 times 156 
the standard deviation on the average value of the procedural blank B2 (B2=43±24 pmol/l, 157 
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n=32) and yielded 72 pmol/l. Analysis of the surface S and deep D2 SAFe samples (Sampling 158 
and Analysis of Fe: Johnson et al., 2007) showed reasonable agreement with the assigned 159 
values (Table 1). Particulate filters were acid extracted in Teflon-PFA vials (Savillex, 160 
Minnetonka USA) in 1 ml of 67-70% ultrapure nitric acid (HNO3, Seastar Baseline) and 161 
heated for 4 hours on a Teflon-coated hot plate at 120°C, before analysis using Magnetic 162 
Sector Inductively Coupled Plasma-Mass Spectrometry (Finnigan-MAT ELEMENT 1, 163 
Bremen, Germany) (Cullen and Sherrell, 1999; Townsend et al., 2000). This instrument has 164 
high-resolution capacity enabling the major Fe isotope (56Fe) to be quantified interference-165 
free using a nominal spectral resolution of m/∆m≈3000, albeit at reduced signal intensity. The 166 
instrument was thoroughly purged with alternately concentrated acids and water rinses for 2-3 167 
days prior to sample analysis to ensure the lowest possible background levels. Samples were 168 
handled and introduced into the instrument under a laminar flow bench. The acid extraction 169 
procedure was applied to marine sediments (MESS-3 and PACS-2, both supplied by the 170 
National Research Council of Canada) and freshwater plankton (CRM-414, Institute for 171 
Reference Materials and Measurements) reference materials to check the recovery of the 172 
treatment (Table 2). Results show that about 70% of the iron in the tested material was 173 
extracted using this method with the highest recovery (77±1%) obtained for the plankton 174 
material. The addition of a mixture of strong acids (HF, HCl, HNO3) would have probably 175 
ensured a more complete recovery of the most refractory lithogenic and biogenic (e.g. opal) 176 
Fe species (see results for certified referenced values in Lannuzel et al., 2008). The PFe 177 
fraction measured here therefore represents the most leachable particulate Fe pool, probably 178 
mostly comprised of material of biogenic origin. Filters from pumps that were deployed but 179 
failed to pump were used as procedural blanks. The calculated procedural blank averaged 180 
9.27±1.28 µg Fe /kg of 19mm sub-sample from QMA blank filter (n=19, 1σ) and was 181 
subtracted from the 19mm sub-sample filter value. Considering we filtered an average volume 182 
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of 425 L of seawater per filter, the blank and limit of detection (LoD=3σ of the procedural 183 
blank) in nmol/L for this method would respectively be 0.19 and 0.08 nmol/l Fe.  184 
 185 
2.3. Inter-calibration exercise  186 
For the SAZ-Sense project, we conducted an intercomparison exercise for dFe 187 
determination using flow injection analysis with chemiluminescence (FI-CL, University of 188 
Tasmania) and Competitive Ligand Equilibration-Adsorptive Cathodic Stripping 189 
Voltammetry (CLE-ACSV, University of Otago) at process stations P1, P2 and P3. Samples 190 
were all collected from single trace metal water casts at each process station, filtered and 191 
distributed by the same operator and procedures. Sub-sampling bottles were provided 192 
individually (i.e. different decontamination procedures). The FI-CL instrument was run 193 
aboard the research vessel, at least 24 hours after the acidification step. The CLE-ACSV 194 
(Croot and Johansson, 2000) analyses were conducted in the home laboratory approximately 195 
6 months after sample collection (Ibisanmi et al., this volume). 196 
Results show a good correlation between the two analytical methods (Figure 2), with 197 
no significant differences at the 98% confidence interval (t-test, n=35). The slight 198 
discrepancies observed could reflect differences in treatment and storage protocols (e.g., 199 
acidification with ultrapure HCl for FI-CL samples whereas CLE-ACSV were UV-digested). 200 
The determination of different physico-chemical fractions of dFe (e.g. small colloids, 201 
interaction with organic ligands) depending on the analytical technique used could also 202 
explain the small differences observed (Bowie et al., 2006). 203 
 204 
3. Results and Discussion 205 
Figures 3-5 present the results for dFe and PFe concentrations from trace metal casts 206 
plotted against water depth, together with macro-nutrients (i.e. silicate, phosphate, 207 
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nitrate+nitrite), temperature and salinity data taken from matching CTD casts. The tracer Fe* 208 
is also evaluated in each collected sample and used to estimate the relative importance of Fe 209 
against macro-nutrient supply (Fe*= [dFe]-RFe:P × [PO43-], Parekh et al., 2005). The algal 210 
uptake ratio RFe:P=[Fe]:[PO43-] depends on the composition of the ecosystem because RFe is 211 
different for small phytoplankton (~0.1 mmol:mol) and diatoms (~1 mmol:mol) (Sunda et al. 212 
1991; Sunda and Huntsman, 1995). This ratio is also likely to increase in Fe-rich waters 213 
(Twining et al., 2004). For our study, we choose an average uptake ratio RFe:P=0.47 mmol:mol 214 
as used in Parekh et al. (2005) and Blain et al. (2008). Briefly, when Fe supply is not 215 
sufficient to support the complete consumption of phosphorus, Fe* < 0 (e.g. HNLC areas); 216 
conversely, where Fe* > 0, phytoplankton growth is primary limited by the availability of 217 
phosphorus (and probably nitrate). 218 
 219 
3.1. General trends 220 
Surface mixed layers (ML) depths were defined from density profiles as the first depth 221 
below 10 m deep where [sigma – sigma (10 m)] > 0.05 (Rintoul and Trull, 2001). The MLs 222 
were 53 m deep at P1 (SAZ-N West), 52 m deep at P2 (PF), and 70 m deep at and around P3 223 
(SAZ-N East). The greater resolution provided by Brunt-Väisälä frequency analysis showed 224 
that a shallower, stratified mixed layer was also present at P3, from the surface to 16 m 225 
(Griffiths et al., this volume).  226 
Macro-nutrients concentrations during SAZ-Sense ranged from 0.1–95.7 µmol/l for 227 
silicic acid, 0.1-2.6 µmol/l for phosphate and 0.01–38.7 µmol/l for nitrate+nitrite. Such values 228 
are characteristic for the SAZ, with typically higher values observed further south in the PF. 229 
Near-surface silicate values were close to total depletion (i.e. 0.1–1.1 µmol/l in the ML) at all 230 
but the PFZ and SAZ-S stations at this time of the year. This deficit in silicic acid was also 231 
exemplified by Si* ≤ 0 (Si* = [Si(OH)4] – [NO3]; Sarmiento et al., 2004) in all surface waters 232 
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(0-80 m) collected during the SAZ-Sense expedition (see Appendix A). This preferential 233 
removal of silicic acid in surface waters (and decrease of Si*) can be attributed to Fe 234 
limitation that can drastically increase the silicon demand of diatoms (Takeda, 1998; Hutchins 235 
and Bruland, 1998). 236 
Dissolved Fe concentrations were generally low in the study region, but spanned a wide 237 
range of values in surface waters (0–100 m), from 0.14 to 0.63 nmol/l, with the higher values 238 
being observed near the continental shelf. Dissolved Fe in the deeper waters seemed to 239 
converge towards a fairly homogeneous range of 0.25–0.37 nmol/l (at 1000 m deep) (Figures 240 
3-5 and table 3 in Appendix A). These values are in accordance with those reported in remote 241 
waters of the Southern Ocean (de Baar et al., 1999; Boye et al., 2001), but lower than those 242 
observed in the North Atlantic and North Pacific basins (de Baar and de Jong, 2001 and 243 
references therein). The general north-to-south decrease observed in surface dFe 244 
concentrations in our study is consistent with other data reported in the Australian sector of 245 
the Southern Ocean along the SR3 hydrographic section (approximately 140ºE) (Sedwick et 246 
al., 1997; Sohrin et al., 2000; Sedwick et al., 2008), as well as the AESOPS study region 247 
along 170ºW (Measures and Vink, 2001; Coale et al., 2005). Ellwood et al. (2008) also 248 
recently reported similar dFe distributions along a transit from the SAZ into the Tasman Sea 249 
(40–52ºS, 155–160ºE) during winter (0–1200 m deep), although deep dFe values were 250 
slightly higher as compared to our summer study and their stations were further from 251 
continental land-masses. There are very few data for PFe in Antarctic waters (Löscher et al., 252 
1997; Sarthou et al., 1997; Fitzwater et al., 2000; Coale et al., 2005; Frew et al., 2006). Our 253 
PFe profiles were somewhat scattered at the sampled stations (<LoD to 1.38 nmol/l PFe), 254 
which is not atypical for particulate distributions, although most samples exhibited low levels 255 
(<0.2 nmol/l PFe) south of the Sub-Tropical front (~45ºS), and higher values located 256 
downstream of landmasses (Figure 3). This may reflect eolian Fe dust deposition, or intrusion 257 
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of subtropical waters transporting Fe from the south and/or east Australia continental shelf 258 
(Sedwick et al., 1997; 2008; Bowie et al., in press). Across the study region, Fe* ranged from 259 
–0.87 to 0.51 nmol/l and decreased with increasing depth and latitude. Most of the positive 260 
values were observed in the surface waters collected at P3 (i.e. SAZ-N East) and near 261 
continental sources (see Appendix A). 262 
 263 
3.2. Process Station 1 264 
Figure 3 presents results in the SAZ-N West (i.e. P1, 46.5ºS, 140.4ºE), for which the 265 
estimated ML = 52 m, euphotic zone = 50 m, and the maximum Chl a concentration at 50 m 266 
deep = 0.23 µg Chl a/l (S. Wright., pers. comm..). The vertical distribution of dFe was 267 
relatively uniform from surface to deep waters, with a range between 0.17 and 0.34 nmol/l 268 
and averaged 0.26±0.05 nmol/l (n=22, 1σ) over the upper 1000 m. The range and average dFe 269 
concentrations over the ML = 52 m were 0.20–0.31 and 0.27±0.04 nmol/l dFe, respectively 270 
(n=5, 1σ). These values are in accordance with surface dFe values measured by Sedwick et al. 271 
(2008) in spring 2001 at station C1, which was located near 47ºS. Such dFe values could 272 
possibly limit efficient growth of large diatoms but would most likely support the growth of 273 
small phytoplanktonic species (Timmermans et al., 2001; 2004). Particulate Fe profiles in the 274 
SAZ-N West region over the upper 1000 m ranged from <LoD (0.08 nmol/l) to 0.59 nmol/l 275 
with an average of 0.22±0.15 nmol/l (n=14, 1σ) and the highest values being observed in the 276 
shallowest sample (32 m). This near-surface PFe maximum could reflect the occurrence of 277 
freshly formed algae as it is near the maxima fluorescence and Chl a depths; but the lack of a 278 
clear vertical dFe gradient suggests that both the consumption and the remineralization of Fe 279 
in subsurface waters were small. This is consistent with the low biomass (mainly composed of 280 
dinoflagellates) and productivity observed in the area at the time of the cruise (Westwood et 281 
al., this volume). This PFe near surface maximum could also indicate the input of Fe from 282 
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dust deposition from southern Australia and/or the intrusion of more saline, warmer Fe-rich 283 
subtropical waters (Figure 3; also see Sedwick et al., 2008; Bowie et al., in press). Figure 3 284 
also demonstrates the strong decoupling between Fe and nutrient cycles in the SAZ-N. Major 285 
nutrients were fairly depleted in surface waters, especially silicate (<1 µmol/l). In addition, 286 
the Si* tracer was negative (–4.4 to –7.2 µmol/l) and the Si:N nutrient ratio between 0 and 287 
0.08 mol:mol (see Appendix A). Such low levels of silicic acid are thought to limit the growth 288 
of diatoms (Paasche, 1973; Coale et al., 2004; Brzezinski et al., 2005; Leblanc et al., 2005). 289 
The two Fe* data obtained for P1 within the surface mixed layer would indicate Fe was 290 
probably not sufficient as compared to phosphorus to allow algal growth. This result was 291 
confirmed by on-deck incubation experiments that showed primary production in the SAZ-N 292 
west was limited by Fe availability (Schoemann and Hassler, pers. comm.). The resident cells 293 
were also close to nutrient-stress at this location during our occupation (i.e. Fv/Fm<0.5; P. 294 
Ralph, pers. comm.). Therefore, at P1 (SAZ-N West), there was probably a strong co-295 
limitation by silicon and Fe for the growth of large diatoms at this time of the year, noting that 296 
(1) the silicon demand of diatoms is enhanced under Fe stress (Franck et al., 2000); and (2) Fe 297 
levels were fairly low but probably sufficient to allow the development of small non-siliceous 298 
phytoplankton species (Sunda and Hunstman, 1995). Such co-limitation was previously 299 
observed in the SAZ area in late summer 1997 (Sedwick et al., 1999; Hutchins et al., 2001).  300 
 301 
3.3. Process Station 2 302 
Figure 4 presents results in the Polar Front (i.e., P2, 54ºS, 146ºE). The estimated ML = 303 
52 m deep, euphotic zone = 150 m, and the maximum Chl a concentration at 75 m deep = 304 
0.23 µg Chl a/l. A deep biogenic silica (BSi) maximum was observed at 80-100 m deep 305 
(Leblanc et al., pers. comm.). The vertical distribution of dFe was nutrient-shaped with a 306 
ferricline located between 150 and 200 m deep, slightly below the euphotic layer. Mixed layer 307 
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dFe values averaged at 0.22±0.02 nmol/l (n=13, 1σ), with an average of 0.36±0.03 nmol/l 308 
(n=11, 1σ) in deeper water, hence much lower than the dFe concentrations reported in surface 309 
and deep PF waters in spring along 6ºW by Löscher et al. (1997). Our surface values are 310 
similar to the 0.2-0.3 nmol/l reported in the South Pacific by de Baar et al. (1999) in autumn, 311 
the patchy 0.15-0.35 nmol/L in the South Atlantic in late summer (de Jong et al., 1998) and 312 
0.23±0.14 nmol/l (n=10, 1σ) in autumn (Boye et al., 2001), but slightly higher than in South 313 
Atlantic in late summer (<0.2 nmol/l) by Croot et al. (2002). Our deep values are on average 314 
comparable to but more stable (0.36±0.03 nmol/l) than the somewhat scattered 0.33±0.18 315 
nmol/l dFe reported by Boye et al. (2001) in the 100-1000 m depth stratum in the South 316 
Atlantic in austral autumn 1999. Particulate Fe concentrations were very low and fairly 317 
constant over the 1000 m deep water column (i.e. range = <LoD – 0.22 nmol/l and 318 
average=0.09±0.07 nmol/l, n=16, 1σ). The depth of the nitracline did not coincide with the 319 
ferricline (Figure 4), suggesting differences in the uptake and remineralisation rates of Fe 320 
compared to major nutrients in this zone. The increase in macro-nutrient concentrations >300 321 
m reflects a supply of macro-nutrients characteristic of Ekman-driven upwelling in winter in 322 
the PF (Hoppema et al., 2003); the strong gradient in dFe concentrations occurs within the top 323 
200 m, also indicating a supply from below probably originating from upwelling and/or eddy 324 
diffusion. These strong gradients also suggest that there had been a significant biological 325 
uptake of dFe and macro-nutrients, and particulate scavenging and export prior to our 326 
sampling on this site. The algal community observed south of the SAF-S at 80 m deep was 327 
mainly composed of large diatoms (S. Wright, pers. comm.). The relatively high Fv/Fm ratio 328 
(= 0.58) suggests that the biomass sampled in the PF was not yet nutrient-stressed (P. Ralph, 329 
pers. comm.), and probably located at depth to access higher Fe and silicon stocks (Figure 4). 330 
Tracer Si* values in the mixed layer were the lowest recorded during our cruise (from –22.9 331 
to –24.8 µmol/l) but silicon stock were not entirely exhausted (see Appendix A). The water 332 
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column from P2 had strong negative Fe* values (Fe*= –0.78 at the deep Chl a maximum, see 333 
Appendix A) and indicates further algal growth would become primarily limited by the 334 
availability of Fe. This result was confirmed by the Fe uptake incubations performed onboard 335 
(Schoemann and Hassler, pers. comm.). This Fe stress can further be enhanced by the low 336 
light levels being experienced by the algal community at the base of the deep mixed layer, 337 
because the Fe demand of the resident cells increases under low light (and low silicic acid in 338 
the case of diatoms) conditions (e.g. Raven, 1990; Strzepek and Price, 2000; Hoffmann et al., 339 
2008).  340 
 341 
3.4. Process Station 3 and around 342 
Figure 5 presents results in SAZ-N East (i.e. P3 and stations #88 and #93 near 343 
45ºS/153ºE) which is located at the interface between the SAZ-N and STZ waters, in the sub-344 
tropical Front. The estimated ML = 70 m (with a shallower mixed layer at 16 m), euphotic 345 
zone = 100–150 m, and the maximum Chl a concentration at 25 m depth = 0.49 µg Chl a/l. 346 
Variabilities in properties (e.g. temperature, salinity, dFe, PFe) at stations sampled in this area 347 
reflected the complex mixing of the different water masses (Griffiths et al., this volume). The 348 
wide spatial distributions in the upper 500 m was caused by the mixing of sub-Antarctic 349 
waters with subtropical waters originating from the north, and enhanced by eddies of the East 350 
Australian Current (EAC). The EAC travels along the Eastern Tasmanian shelf break, and 351 
then moves westward (Ridgway and Dunn, 2007; Griffiths et al., this volume). Overall, the 352 
mixed layer dFe values averaged 0.48±0.10 nmol/l (n=15, 1σ), whilst deeper values (>100 m) 353 
yielded 0.37±0.08 nmol/l (n=29, 1σ). Particulate Fe distributions varied between <LoD and 354 
0.46 nmol/l (average=0.22±0.12 nmol/l, n=16, 1σ) over the upper 1000 m. A slight decrease 355 
was observed in near-surface waters, coinciding with the higher dFe values. The high 356 
observed photosynthetic ratio Fv/Fm=0.58 implied the micro-organisms were not under 357 
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nutrient stress (P. Ralph, pers. comm.). The Fe and macro-nutrients distributions are 358 
nevertheless strongly decoupled, suggesting different sources, uptake and/or remineralization 359 
rates (Figure 5). The positive Fe* in near surface waters also indicated that Fe supply was 360 
sufficient to allow complete consumption of phosphorus (Figure 5 and Appendix A). Iron 361 
uptake experiments ran onboard confirm the resident cells at process station 3 were not 362 
limited by Fe availability (Schoemann and Hassler, pers. comm.). The relatively low surface 363 
concentrations of silicic acid (<1 µmol/l) and negative Si* values indicate silicon may be the 364 
first limiting factor for algal growth in the SAZ-N East region (then followed by phosphate 365 
and nitrate limitation; Appendix A). This Si limitation is consistent with the composition of 366 
algal community north of the SAF-N which was dominated by haptophytes, dinoflagellates 367 
and cyanobacteria, diatoms being present north of the STF (S. Wright, pers. comm.). The 368 
increased dFe values in surface waters might have reflected the input of eolian dust to the 369 
SAZ-N East area (although the estimated dust fluxes were similar to the SAZ-N West; Bowie 370 
et al., in press), and/or derived from the intrusion of Fe-rich subtropical waters from the north 371 
which have received elevated trace metal inputs from dust or from shelf sediments (Bowie et 372 
al., in press; Mongin et al., this volume). 373 
 374 
3.5. Transects 375 
3.5.1. South West 376 
Station #36 (49ºS/143ºE, ML = 73 m) was sampled in the South West transect 377 
between Process stations P1 and P2, in the SAZ-N region (Figure 6). A mixing with higher 378 
salinity waters originating from the north was observed in the upper 250 m, and surface and 379 
sub-surface (75 m) dFe maxima are observed (Figure 6 and Appendix A). The same sub-380 
surface Fe maximum has been reported close to this location in autumn 1998 (station S4 at 381 
49.5oS, 141.8oE; Sedwick et al., 2008). In Sedwick et al. (2008), the dFe maximum was 382 
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explained by lateral intrusion of iron-rich subtropical waters. This hypothesis of lateral Fe 383 
input could also be applied to our station #36, as indicated by the elevated salinity and 384 
relatively low nitrate/phosphate concentration at 75 m depth at this station (Figure 6). 385 
Particulate Fe profiles at station #36 were low and stable in the sampled top 200 m. Tracer 386 
Fe* values were negative and tended to decrease at higher latitude and depths (Figure 6). 387 
Silicon and other major nutrients were low but not completely depleted, which suggests a 388 
limitation of algal growth by low Fe availability in this region at this time of the year.  389 
 390 
3.5.2. South East 391 
The stations sampled in the South East transect between Process stations P2 and P3 392 
(stations #64 at 50.9ºS/148.6ºE with ML=103 m, #67 at 50ºS/149.2ºE with ML=67 m and #71 393 
at 48ºS/151.2ºE with ML=71 m) respectively sampled in the PFZ and SAZ-S regions. This 394 
transect was characterised by very different water masses with strong mixing occurring 395 
between waters originating from south and north of the SAF-S (see temperature and salinity 396 
profiles on Figure 7, and Griffiths et al., this volume). Macro-nutrients stocks in surface 397 
waters collected along the transect were low but not depleted, and probably sufficient to allow 398 
algal growth. The three transect stations depicted low dFe and PFe concentrations throughout 399 
the profiles (upper 250 m), with a clear north-to-south decrease for the particulate fraction 400 
(Figure 7). Dissolved Fe surface values (upper 100 m) also decreased southward with subtle 401 
sub-surface maxima observed at 100 m (station #67) and 75 m (station #71) depths (see 402 
Appendix A). For station #71, the increase in mixed layer dFe could be either due to 403 
atmospheric Fe dust deposition, or the intrusion of Fe-rich subtropical waters. Nevertheless, 404 
back trajectories calculations from Bowie et al. (in press) suggest that for stations located 405 
south of 45ºS, air masses would most probably originate from open Southern Ocean, not 406 
Australian dusts source, and would therefore be of low Fe content. Advective transport of 407 
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subtropical Fe-rich waters was therefore thought to mediate Fe input to this station. Station 408 
#67, located further south in the SAZ-S, showed mixing with lower salinity waters coming 409 
from the south (PFZ) and probably carrying low Fe (Figure 7). Finally, station #64 was 410 
sampled in a strong mixing zone between SAZ and PFZ waters (Figure 1, Griffiths et al., this 411 
volume). This water mass did not exhibit any direct input or removal of Fe, at least at the time 412 
of sampling, and was probably strongly influenced by the low Fe – high nutrient waters from 413 
the Polar Front (Figure 7). Tracer Fe* was negative, indicating Fe limitation, for all samples 414 
collected along this transect, with a clear decrease at higher latitudes (Figure 7). Primary 415 
production along this transect was likely to be constrained by low Fe supply and low light 416 
availability in the deeper mixed layers. 417 
 418 
3.5.3. North East  419 
Stations #105 (44.2ºS/150.2ºE) and #108 (43.7ºS/148.6ºE) sampled on the north east 420 
transect from process station P3 to Hobart, had shallow MLs at 31 m and 22 m deep, 421 
respectively. The  PFe values observed in surface waters were amongst the highest observed 422 
over the whole study area, and significantly greater than those at more southerly stations. 423 
Particulate Fe sub-surface maxima were observed between 40 to 200 m deep and coincided 424 
with the intrusion of warmer and saltier waters (and lower in oxygen; not shown) from the 425 
north and mediated by the EAC (Figures 1 and 8). Fe * was > 0, indicating Fe sufficiency, 426 
and all major nutrients were severely depleted in all surface waters collected along the North 427 
East transect (Figure 8 and Appendix 1). Algal growth was therefore probably limited by 428 
availability of macro-nutrients, primarily nitrate. 429 
Elevated dFe surface maximum around station P3 implicates eolian dust deposition as 430 
a possible direct source of Fe. However, high sub-surface PFe values observed at 150 m depth 431 
at stations closer to Tasmania may also reflect the intrusion of warm salty waters which have 432 
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interacted with Tasmanian or East Australian shelf sediments (Sedwick et al., 1997; 1999; 433 
Bowie et al., in press) (Figure 8). 434 
 435 
4. Conclusion 436 
SAZ-Sense studied three contrasting regions of the Southern Ocean south of Tasmania 437 
with distinct hydrological, chemical and biological signatures. The zonal differences observed 438 
in the Chl a distributions probably reflect the shortage in macro-nutrients, light and/or Fe bio-439 
availability (bottom-up control). Dissolved Fe concentrations in deep waters were fairly 440 
uniform (0.25–0.37 nmol/l), while mixed layer dFe concentrations were on average 0.27±0.04 441 
nmol/l in the SAZ-N West, 0.22±0.02 nmol/l in the PF and 0.48±0.10 nmol/l in the SAZ-N 442 
East region. The use of the tracer Fe* helped to determine whether Fe or macro-nutrients 443 
(phosphorus) ultimately limited algal growth in the region. We observe a clear decrease of the 444 
tracer Fe* with increasing latitude. The SAZ-N West displayed both low Fe (and Fe*<0) and 445 
severely depleted silicic acid near surface values that may have co-limited the growth of large 446 
diatoms at this time of the year. The resident cells were effectively under nutrient stress 447 
(Fv/Fm<0.5) and Chl a low. The PF was characterized by nutrient-like Fe distribution and re-448 
supply of major nutrients and Fe via upwelling. Primary production was low, but not yet 449 
nutrient-stressed (Fv/Fm>0.5). Insufficient Fe (and Fe*<0) and light availability could have 450 
constrained further algal growth. Finally, the SAZ-N East sector showed enhanced Fe that 451 
probably reflects a supply of Fe from direct dust deposition and/or transport of Fe-rich 452 
subtropical waters enhanced by the EAC (Bowie et al., in press; Mongin et al., this volume). 453 
Surface Fe* were positive in the SAZ-N East sector where primary production is highest, 454 
indicating Fe sufficiency. The differences in Fe distributions are rather well reflected by the 455 
Chl a distributions and nutrient stress indicators (Fe uptake incubation, Fv/Fm and Fe*) 456 
observed between the three process stations in the SAZ and STZ region south of Australia. 457 
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The diverse ecosystem dynamics in response to the patchiness in Fe sources and sinks 458 
highlight the need for further research in the same region on a seasonal and inter-annual basis, 459 
as a means to evaluate the response of the Southern Ocean primary productivity to Fe supply 460 
in a climate change perspective. 461 
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 714 
Figure Captions 715 
Figure 1. Map of the SAZ-Sense study area south of Tasmania showing short-term transect 716 
and long-term process (i.e. P1= SAZ-N West, P2=PF, P3=SAZ-N East) stations sampled for 717 
trace elements. South west, south east and north east transects are represented by red lines. 718 
The fronts are highlighted: Sub-tropical Front (STF), Northern Sub-Antarctic Front (SAF-N), 719 
Southern Sub-Antarctic Front (SAF-S) and Polar Front (PF). The main hydrological features 720 
are also indicated: East Australian Current (EAC), Sub-Tropical Zone, (STZ), northern Sub-721 
Antarctic Zone (SAZ-N), Southern Sub-Antarctic Zone (SAZ-S), Polar Frontal Zone (PFZ) 722 
and Antarctic Zone (AZ). 723 
 724 
Figure 2. Determination of Fe in filtered seawater from SAZ-Sense at process stations P1, P2 725 
and P3 by FI-CL (blue circles, UTAS) and CLE-ACSV (red squares, Otago).  Good 726 
agreement between the measured vertical profiles confirms the quality of the dataset. 727 
 728 
Figure 3. Dissolved Fe (dFe, <0.2 µm), particulate Fe (PFe, 1-54 µm) and Fe* (=[dFe]-0.47× 729 
[PO4]) in nmol/l, temperature (ºC), salinity, silicic acid, nitrate+nitrite and phosphate (all in 730 
µmol/l) plotted against seawater depth (m) at process station P1 (SAZ-N West).  731 
 732 
Figure 4. Dissolved Fe (dFe, <0.2 µm), particulate Fe (PFe, 1-54 µm) and Fe* (=[dFe]-0.47× 733 
[PO4]) in nmol/l, temperature (ºC), salinity, silicic acid, nitrate+nitrite and phosphate (all in 734 
µmol/l) plotted against seawater depth (m) at process station P2 (PF).  735 
 736 
Figure 5. Dissolved Fe (dFe, <0.2 µm), particulate Fe (PFe, 1-54 µm) and Fe* (=[dFe]-0.47× 737 
[PO4]) in nmol/l, temperature (ºC), salinity, silicic acid, nitrate+nitrite and phosphate (all in 738 
 
 
 30 
µmol/l) plotted against seawater depth (m) at process station P3, and stations #88 and #93 739 
(SAZ-N East).  740 
 741 
Figure 6. Dissolved Fe (dFe, <0.2 µm), particulate Fe (PFe, 1-54 µm) and Fe* (=[dFe]-0.47× 742 
[PO4]) in nmol/l, temperature (ºC), salinity, silicic acid, nitrate+nitrite and phosphate (all in 743 
µmol/l) sections plotted against seawater depth (m) and latitude along the South West 744 
transect. 745 
 746 
Figure 7. Dissolved Fe (dFe, <0.2 µm), particulate Fe (PFe, 1-54 µm) and Fe* (=[dFe]-0.47× 747 
[PO4]) in nmol/l, temperature (ºC), salinity, silicic acid, nitrate+nitrite and phosphate (all in 748 
µmol/l) sections plotted against seawater depth (m) and latitude along the South East transect.  749 
 750 
Figure 8. Dissolved Fe (dFe, <0.2 µm), particulate Fe (PFe, 1-54 µm) and Fe* (=[dFe]-0.47× 751 
[PO4]) in nmol/l, temperature (ºC), salinity, silicic acid, nitrate+nitrite and phosphate (all in 752 
µmol/l) sections plotted against seawater depth (m) and latitude along the North East transect. 753 
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Salinity Silicic acid (µmol/L) Nitrate+nitrite (µmol/L) 
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1Table 1. Results for dissolved Fe from SAFe samples (Sampling and Analysis of Fe; Johnson
et al., 2007) measured by Flow Injection. n indicates the number of independent analysis.
assigned FI-CL
SAFe sample Fe (nmol/l) Fe (nmol/l) n 
D2 561 0.91±0.17 0.85±0.10 5
S1 294 0.097±0.043 0.18±0.04 11
Table 2. Results obtained for acid-extracted reference materials MESS-3, PACS-2 
(marine sediments) and CRM-414 (freshwater plankton). The Fe values given by The 
National Research Council of Canada (NRC) for MESS-3 and PACS-2, and by the 
Institute for Reference Materials and Measurements (IRMM) for CRM-414 are 
indicative and considered less reliable than certified values because they are not based 
on the results of at least two independent methods. n indicates the number of separate 
measurements on independent acid-extracted sub-samples. 
 
referenced indicative value ICP-MS value recovery n 
material Fe (mg/kg) Avg. Fe (mg/kg) %  
MESS-3 43400±110 29884±394 69±1 8 
PACS-2  40900 ± 60 25589±669 63±2 8 
BCR-414  1850±190  1422±9 77±1 12 
 
Appendix A              
Table 3: Location and summary of all data collected during the SAZ-Sense exercise. The reported average and standard deviation for PFe values 
(McLane pump) represent two independent acid extractions and analysis. 
Station # Depth Temperature Salinity Si(OH)4 NO2+NO3 PO4 Si:N Si* dFe Fe*(P) McLane casts depth 
 
averaged PFe stdev PFe 
  (m) (°C)   (µmol/l) (µmol/l) (µmol/l) (mol:mol) (µmol/l) (nmol/l) (nmol/l)   (m) (nmol/l) (nmol/l) 
11 15               0.31   lat: 46.3S 32 0.59 0.14 
P 1 20 13 34.7 0.1 4.37 0.43 0.02    long: 140.1E 82 0.23 0.10 
lat: 46.3S 25        0.26    132 0.11 0.03 
long: 140.6E 51 12.1 34.7 0.3 6 0.55 0.05 -1.7 0.27 0.01   182 0.13 0.01 
  74 10.3 34.7      0.26    267 0.25 0.04 
  98 9.8 34.7 2.5 12.05 0.85 0.21  0.32 -0.08   282 0.36 0.23 
  123 9.5 34.7      0.26  lat: 46.3S 100 <LoD nd 
  150 9.3 34.7      0.25  long: 140.3E 200 0.1 0.07 
  201 9.1 34.6      0.27    300 0.21 0.01 
  250 9.1 34.6          399 0.2 0.02 
  274 9 34.6          549 0.23 0.03 
  301 9 34.6      0.26    699 0.42 0.01 
  350 8.8 34.6        lat: 46.3S 196 0.16 0.04 
  400 8.7 34.6 4.1 15.98 1.07 0.26 2.1   long: 140.3E 296 0.09 0.01 
  450 8.7 34.6              
  500 8.6 34.6      0.28        
  550 8.5 34.6              
  600 8.5 34.6              
  702 7.7 34.5      0.34        
  799 7.2 34.5 14.3 25.07 1.61 0.57          
  900 6.3 34.4              
  999 5.3 34.4           0.29           
17 14 12.8 34.7      0.2        
P1 24        0.31        
lat:46.5S 51 11.4 34.7 0.6 7.75 0.75 0.08 -1.4         
long:140.4E 95        0.25        
  100 10 34.7 2.3 12.18 0.85 0.19 0.3         
  124        0.17        
  152 9.6 34.7 3.3 13.28 0.95 0.25 1.3         
  200 9.3 34.7 3.7 14.42 1.01 0.26 1.7         
  301 8.9 34.6 3.8 15.22 1.04 0.25 1.8         
  402 8.7 34.6 4.2 15.94 1.08 0.26 2.2         
  602 8.4 34.6 6.5 18.85 1.26 0.34 4.5         
  800 7 34.4 15 25.01 1.65 0.6 13         
  1000 5.2 34.4 27.2 29.48 1.97 0.92 25.2             
31 16 12.8 34.7 0 4.51 0.27 0 -2             
P1 29 12.8 34.7 0.1 4.49 0.28 0.02 -1.9         
lat:46.5S 44 12.7 34.7 0.1 4.62 0.29 0.02 -1.9         
long 140.3E 58 11.6 34.7 0.6 6.96 0.66 0.09 -1.4         
  79 10.8 34.7 1.4 9.12 0.78 0.15 -0.6         
  100 10.3 34.7 2.4 11.31 0.86 0.21 0.4         
  126 9.4 34.6 3.2 13.67 0.94 0.23 1.2         
  150 9.3 34.6 3.5 13.89 0.95 0.25 1.5 0.2 -0.25       
  174 9.2 34.6 3.5 14.06 0.96 0.25 1.5         
  200 9.2 34.6 3.6 14.09 0.99 0.26 1.6 0.19 -0.28       
  225 9.1 34.6 3.7 14.29 0.99 0.26 1.7         
  250 9.1 34.6 3.7 14.25 0.97 0.26 1.7         
  275 9.1 34.6 3.8 14.4 0.99 0.26 1.8         
  299 9 34.6 4 14.65 1.01 0.27 2 0.17 -0.3       
  350 8.9 34.6 4.1 15.14 1.04 0.27 2.1         
  403 8.9 34.6 4.3 15.59 1.06 0.28 2.3         
  450 8.8 34.6 4.6 16.16 1.09 0.28 2.6         
  503 8.7 34.6 5.1 16.86 1.14 0.3 3.1 0.23 -0.31       
  596 8.3 34.5 6.8 18.75 1.24 0.36 4.8         
  699 7.7 34.5 10.2 21.7 1.44 0.47 8.2 0.26 -0.42       
  802 6.9 34.4 15.8 25.06 1.65 0.63 13.8         
  997        0.31        
36 5 10.3 34.4 0.6 11.21 0.85 0.05 -1.4     lat: 48.6S 12 0.18 0.07 
  15        0.31  long: 143.0E 47 <LoD nd 
lat:49.0S 25 10.3 34.4 0.6 11.13 0.84 0.05 -1.4 0.29 -0.1   147 0.08 0.04 
long:143.0E 50 10.3 34.4 0.6 11.24 0.84 0.05 -1.4 0.24 -0.16   197 <LoD nd 
  74 9.9 34.5 2 12.83 0.97 0.16 0 0.29 -0.17       
  100 9.1 34.5 3.6 11.71 0.99 0.31 1.6 0.25 -0.22       
  125 9 34.5 4.6 12.86 1.01 0.36 2.6 0.25 -0.22       
  148 8.9 34.5 4.2 14.92 1.12 0.28 2.2 0.24 -0.29       
  200 9.3 34.7 3.7 14.27 1 0.26 1.7 0.22 -0.25       
  251 9.1 34.6 4.9 13.34 1.08 0.37 2.9         
  301 8.9 34.6 5.5 12.82 1.07 0.43 3.5 0.23 -0.27       
  350 8.8 34.6 5 14.46 1.14 0.35 3         
  400 8.8 34.6 4.5 16.35 1.11 0.28 2.5         
  500 8.6 34.6 5 17.45 1.15 0.29 3 0.25 -0.29       
  599 8.4 34.5 5.4 18.21 1.2 0.3 3.4         
  700 8 34.5 8.1 21.1 1.37 0.38 6.1 0.26 -0.38       
  800 7.4 34.5 12.4 24.18 1.59 0.51 10.4         
  900 6.5 34.4 17.8 27.48 1.77 0.65 15.8         
  999 5.6 34.4 22.6 29.78 1.93 0.76 20.6 0.29 -0.62       
38 15 5.4 33.8 0.6 24.73 1.57 0.02 -1.4 0.21 -0.53 lat: 54.0S 15 <LoD nd 
P2 30 5.2 33.8 0.7 23.71 1.56 0.03 -1.3 0.21 -0.52 long: 145.5E 49 0.12 0.02 
lat:54.0S 45 5 33.8 0.7 24.97 1.59 0.03 -1.3 0.19 -0.56   98 <LoD nd 
long:145.9E 61 3.7 33.8 0.8 25.61 1.77 0.03 -1.2     148 <dl nd' 
  79 2.1 33.9 2.6 27.64 2.14 0.09 0.6 0.23 -0.78   197 0.08 0.06 
  101 1.7 33.9 11.6 28.31 2.12 0.41 9.6 0.25 -0.74   295 <LoD nd 
  114 1 33.9 19 29.64 2.25 0.64 17   lat: 54.8S 12 0.08 0.00 
  125 0.7 33.9 21.8 30.52 2.17 0.71 19.8 0.25 -0.77 long: 146.2E 47 0.14 0.09 
  150 0.6 34 25.7 30.99 2.2 0.83 23.7 0.24 -0.79   97 0.14 0.01 
  175 0.7 34 29 31.81 2.23 0.91 27     147 <LoD nd 
  200 0.9 34.1 34.9 33.45 2.3 1.04 32.9 0.35 -0.73   197 <LoD nd 
  251 1.8 34.2 54.4 33.3 2.51 1.63 51.4   lat: 54.0S 293 0.1 nd 
  274 2 34.3 58.8 35.26 2.66 1.67 56.8   long: 146.0E 390 0.08 0.03 
  301 2.1 34.3 56.9 36.61 2.57 1.55 54.9 0.38 -0.83   488 0.22 0.01 
  349 2.3 34.4 62.5 37.49 2.61 1.67 60.5     585 0.2 0.02 
  400 2.3 34.4 66.7 37.65 2.63 1.77 64.7     683 0.13 0.03 
  449 2.4 34.5 69.5 37.86 2.62 1.84 67.5         
  500 2.4 34.5 72.8 37.41 2.63 1.95 70.8 0.36 -0.87       
  601 2.4 34.6     -999         
  700 2.3 34.6 79.3 36.3 2.56 2.18 77.3 0.37 -0.83       
  799 2.3 34.7 80.5 35.29 2.5 2.28 78.5         
  1000               0.38           
47 12        0.22        
P2 20 5.3 33.8 0.8 24.27 1.53 0.03 -1.2 0.21 -0.51       
lat:54.1S 31 5.3 33.8 1.1 24.3 1.53 0.05          
long:146.3E 48        0.23        
  75        0.22        
  80 2.2 33.9 5.1 27.25 1.99 0.19 3.1         
  89        0.23        
  99 1.8 33.9 12.4 27.88 2 0.44 10.4 0.22 -0.72       
  150 0.9 33.9 22.8 30.39 2.12 0.75 20.8         
  200 1.4 34.1 36.7 33.03 2.26 1.11 34.7         
  299 2.4 34.3 55 35.79 2.47 1.54 53         
  400 2.5 34.4 65.6 36.45 2.52 1.8 63.6         
  600 2.4 34.6 76 35.87 2.51 2.12 74         
  800 2.3 34.6 80.1 34.94 2.44 2.29 78.1         
  1003 2.2 34.7 82.9 33.73 2.36 2.46 80.9             
55 16 5.4 33.8 0.7 24.02 1.6 0.03 -1.3             
P2 30 5.4 33.8              
lat:54.2S 45 3.3 33.8              
long:146.5E 60 2.3 33.9 4.3 27.2 2.1 0.16 2.3         
  80 1.9 33.9              
  98 1.5 33.9 14.9 28.62 2.14 0.52 12.9         
  125 1.1 33.9              
  154 1.1 34 25.2 31.23 2.23 0.81 23.2 0.3 -0.75       
  175 1.3 34              
  200 1.2 34.1      0.37        
  226 1.7 34.2              
  251 2.5 34.3 47.4 35.06 2.53 1.35 45.4         
  275 2.4 34.3              
  300 2.2 34.3      0.37        
  348 2.5 34.4 59.8 36.09 2.63 1.66 57.8         
  399 2.5 34.4              
  451 2.5 34.5 67.7 36.44 2.65 1.86 65.7         
  500 2.4 34.5      0.31        
  601 2.4 34.6 74.2 36.1 2.63 2.06 72.2         
  701 2.3 34.6 77.2 35.48 2.59 2.18 75.2 0.37 -0.85       
  800 2.3 34.6 79.2 34.98 2.55 2.26 77.2         
  1004 2.2 34.7      0.37        
64 15               0.14   lat: 50.5S 13 0.15 0.02 
  25        0.16  long: 148.4E 48 <LoD nd 
lat:50.9S 33 8.4 34.1 2 17.83 1.34 0.11  0.16 -0.47   98 0.13 0.15 
long:148.7E 51 8.4 34.1 2 17.95 1.36 0.11      148 <LoD nd 
  60        0.17    198 <LoD nd 
  76 8.4 34.1 2 18.04 1.36 0.11  0.17 -0.47       
  101 8.4 34.1 2 18.09 1.35 0.11  0.16 -0.47       
  125 7.1 34.1      0.17        
  150 6.8 34.1 5.7 20.97 1.54 0.27 3.7 0.16 -0.56       
  175        0.17        
  199 6.8 34.2 6.6 21.23 1.46 0.31 4.6 0.17 -0.51       
  225        0.15        
  249 6.2 34.2 7.3 22.28 1.54 0.33 5.3 0.15 -0.58       
  275 6.2 34.2              
  300 5.7 34.1 8.1 23.48 1.61 0.34 6.1         
  350 5.9 34.2              
  400 6.5 34.3 12.2 24.29 1.68 0.5 10.2         
  452 6.3 34.3              
  500 6.1 34.3 16.5 26.44 1.83 0.62 14.5         
  599 5.4 34.3 21 28.24 1.98 0.74 19         
  701 4.5 34.3              
  804 3.9 34.3 31.8 31.09 2.23 1.02 29.8         
  1002 3.3 34.3                       
67 14 9.5 34.2 1.1 15.59 1.12 0.07 -0.9 0.24 -0.28         
  23 9.5 34.2 1.1 15.55 1.11 0.07 -0.9 0.24 -0.28 lat: 49.6S 8 0.12 0.07 
lat:50.0S 40        0.24  long: 149.6E 43 <LoD nd 
long:149.9E 50 9.5 34.2 1.1 15.49 1.11 0.07 -0.9     93 <LoD nd 
  60        0.24    143 <LoD nd 
  74 9.5 34.4 1.9 14.03 1.07 0.14 -0.1 0.24 -0.26   193 <LoD nd 
  101 8.8 34.5 3.5 15.63 1.15 0.22 1.5 0.33 -0.21       
  121 8.5 34.5 4 17.1 1.19 0.23 2 0.13 -0.43       
  151 8.5 34.5 4.1 16.84 1.16 0.24 2.1 0.16 -0.38       
  175        0.17        
  200 8.7 34.6 4.1 16.11 1.12 0.25 2.1 0.16 -0.36       
  225        0.14        
  250 8.7 34.6 4 16.03 1.11 0.25 2 0.16 -0.36       
  300 8.7 34.6 4.1 16.25 1.13 0.25 2.1         
  350 8.7 34.6 4.2 16.27 1.14 0.26 2.2         
  400 8.7 34.6 4.1 16.26 1.13 0.25 2.1         
  499 8.5 34.5 4.6 17.04 1.18 0.27 2.6         
  600 8 34.5 8.1 21.17 1.45 0.38 6.1         
  698 7.2 34.4 13.6 25.3 1.72 0.54 11.6         
  798 6.1 34.4 18.9 28.04 1.91 0.67 16.9         
  900 4.9 34.3 23.4 30.18 2.07 0.78 21.4         
  999 4.2 34.3 31.3 31.99 2.23 0.98 29.3         
71 15               0.15   lat: 49.6S 23 0.13 0.08 
  20 11.7 34.8        long: 149.6E 58 0.2 0.03 
lat:48.1S 19 11.7 34.8 0.9 6.7 0.6 0.13 -1.1     108 0.17 0.12 
long:151.2E 25        0.21    158 0.29 0.01 
  40        0.16    208 0.24 0.01 
  49 11.6 34.8 0.9 6.89 0.62 0.13 -1.1         
  60        0.19        
  74 11.3 34.8 1.2 8.25 0.72 0.15 -0.8 0.22 -0.12       
  99 10.1 34.8 3.7 13.68 1 0.27 1.7 0.18 -0.29       
  125 9.7 34.7      0.14        
  149 9.7 34.7 4 14.33 1.04 0.28 2 0.11 -0.38       
  175        0.12        
  201 9.3 34.7 4.2 15.15 1.09 0.28 2.2 0.14 -0.37       
  225        0.16        
  250 9.1 34.7 4.3 15.64 1.13 0.27 2.3 0.16 -0.38       
  275 9 34.6              
  300 8.9 34.6              
  301 8.9 34.6 4.5 16.18 1.16 0.28 2.5         
  349 8.7 34.6              
  401 8.6 34.6 4.7 16.78 1.21 0.28 2.7         
  450 8.5 34.6              
  502 8.4 34.5 5.6 18.08 1.3 0.31 3.6         
  601 7.9 34.5 8 20.61 1.46 0.39          
  703 7.1 34.4              
  801 6.6 34.4 17.2 26.21 1.86 0.66 15.2         
  900 5.7 34.4                       
78 9 13.6 34.9 0.7 2.88 0.41 0.24 -1.3   lat: 45.3S 12 <LoD nd 
P3 15        0.4  long: 153.2E 47 0.16 0.06 
lat:45.5S 18 13 34.9 0.6 3.43 0.4 0.17 -1.4     97 0.11 0.02 
long:153.2E 25        0.4    197 0.23 0.01 
  49 12.5 34.8 0.6 4.86 0.52 0.12 -1.4 0.38 0.14   297 0.2 0.01 
  75 11.5 34.8      0.36  lat: 45.3S 5 0.24 0.81 
  99 10.1 34.8 3.6 13.78 1.02 0.26 1.6 0.31 -0.17 long: 153.3E 40 0.12 0.05 
  124 9.9 34.8          90 0.2 0.01 
  149 9.6 34.7 4.2 15.4 1.11 0.27 2.2 0.27 -0.25   140 0.2 0.10 
  200 9.1 34.7      0.3    190 0.27 0.01 
  250 8.9 34.6 4.7 17.1 1.21 0.27 2.7   lat: 45.3S 17 <LoD nd 
  301 8.7 34.6      0.29  long: 153.4E 42 0.17 0.00 
  350 8.6 34.6 5.1 18.01 1.27 0.28 3.1     333 0.38 0.03 
  400 8.5 34.6 5.3 18.41 1.3 0.29 3.3     459 0.33 0.00 
  449 8.3 34.5          585 0.37 0.01 
  500 8.1 34.5 7.3 20.58 1.45 0.35 5.3 0.3 -0.38   711 0.46 0.00 
  550 7.7 34.5              
  598 7.5 34.5 13 24.15 1.74 0.54 11         
  651 7.1 34.5              
  699 6.9 34.4 16.8 26.88 1.88 0.63 14.8 0.29 -0.59       
  799 6.2 34.4 21.4 28.88 2.03 0.74 19.4         
  899 5.3 34.4              
  1000 4.6 34.4 37.7 32.84 2.36 1.15 35.7 0.31 -0.8         
85 4 13.2 34.8 0.7 3.04 0.41 0.23 -1.3         
P3 9 13.6 34.8 0.7 2.99 0.36 0.23 -1.3         
lat:45.5S 15        0.42        
long:153.3E 25        0.37        
  29 12.3 34.8 0.8 5.15 0.48 0.16 -1.2         
  50        0.41        
  75        0.33        
  100 10.1 34.8 3.7 14.42 0.98 0.26 1.7 0.36 -0.1       
  125        0.33        
  150 9.6 34.7 4.2 15.57 1.05 0.27 2.2 0.31 -0.18       
  201 9.2 34.7 4.4 16.43 1.11 0.27 2.4         
  299 8.7 34.6 4.8 17.68 1.19 0.27 2.8         
  400 8.5 34.6 5.2 18.46 1.22 0.28 3.2         
  600 7.6 34.5 10.9 23.78 1.59 0.46 8.9         
  800 6.1 34.4 22.1 29.59 1.96 0.75 20.1         
  1000 4.6 34.4 38.9 33.31 2.27 1.17 36.9         
88 4 14.7 35.1 0.4 1.26 0.24 0.32 -1.6             
  15        0.44  lat: 45.1S 15 0.3 0.07 
lat:45.1S 29 14.1 35.1 0.4 2.36 0.3 0.17 -1.6 0.4 0.26 long: 153.1E     
long:153.2E 45 13.9 35.2 0.5 3.6 0.4 0.14 -1.5 0.43 0.24       
  59 13.7 35.1 0.7 4.79 0.46 0.15 -1.3         
  80 12.7 35.2 2.2 9.01 0.7 0.24 0.2 0.39 0.06       
  99 12.6 35.2 2.9 9.84 0.75 0.29 0.9 0.41 0.06       
  124 11.9 35.1 3.1 10.99 0.81 0.28 1.1         
  152 11.9 35.1 3.3 10.93 0.82 0.3 1.3 0.36 -0.03       
  174 11.6 35.1 3.8 11.75 0.86 0.32 1.8         
  200 11.4 35.1 3.8 12.07 0.88 0.31 1.8 0.33 -0.08       
  250 10.7 34.9 3.9 13.2 0.95 0.3 1.9         
  300 10 34.8 4.1 14.61 1.06 0.28 2.1 0.34 -0.16       
  350 9.5 34.7 4.4 15.77 1.13 0.28 2.4         
  401 9.2 34.7 4.8 17.13 1.18 0.28 2.8         
  500               0.35           
93 15 14.6 35.1 0.1 1.37 0.24 0.07 -1.9 0.63 0.51   40 0.16 0.05 
  24 14.1 35.1 0.2 2.84 0.32 0.07 -1.8 0.61 0.46   90 0.25 0.01 
lat:44.9S 52 13.5 35.1 0.7 4.21 0.41 0.17 -1.3 0.69 0.50   115 0.33 0.00 
long:152.5E 75 13.6 35.2      0.56    140 0.69 0.08 
  100 12.5 35.1 1.5 8.58 0.63 0.17 -0.5 0.52 0.22   190 0.56 0.01 
  124 12.4 35.2      0.48        
  150 12 35.1 3.1 11.2 0.8 0.28 1.1 0.51 0.14       
  199 11.4 35.1      0.54        
  250 11 35 4.3 13.73 0.94 0.31 2.3         
  301 10.2 34.9      0.52        
  349 9.8 34.8 5.3 16.18 1.13 0.33 3.3         
  401 9.3 34.7 5.1 17.38 1.16 0.29 3.1         
  449 9 34.7              
  500 8.8 34.6 6.4 19.46 1.3 0.33 4.4 0.51 -0.11       
  550 8.4 34.6              
  602 8.4 34.6 9.4 22.37 1.49 0.42 7.4         
  649 8 34.5              
  700 7.6 34.5 12.5 24.59 1.64 0.51 10.5 0.37 -0.4       
  799 6.9 34.5 19.4 27.91  0.7 17.4         
  901 6.1 34.4              
  1002 5.1 34.4 34 30.03 2.18 1.13 32             
97 14 13.6 34.9 0.7 2.47 0.34 0.28 -1.3             
P3 30 12.6 34.8 0.6 4.54 0.49 0.13 -1.4         
lat:45.5S 45 12.5 34.8 0.6 4.87 0.5 0.12 -1.4         
long:153.6E 59 12.4 34.8 0.7 5.21 0.54 0.13 -1.3         
  78 12 34.8 1 6.55 0.65 0.15 -1         
  99 10.4 34.8 3.3 13.68 1 0.24 1.3 0.29 -0.18       
  124 10.1 34.8 3.6 14.26 1.03 0.25 1.6         
  152 9.7 34.8 3.9 14.91 1.06 0.26 1.9         
  176 9.6 34.7 4.1 15.29 1.08 0.27 2.1         
  200 9.4 34.7 4.2 15.86 1.12 0.26 2.2 0.29 -0.24       
  224 9.2 34.7 4.4 16.21 1.13 0.27 2.4         
  249 9.1 34.6 4.5 16.69 1.17 0.27 2.5         
  276 8.9 34.6 5 16.5 1.22 0.3 3         
  299 8.8 34.6 5.6 15.77 1.21 0.36 3.6 0.3 -0.27       
  352 8.6 34.6 5 17.9 1.26 0.28 3         
  400 8.4 34.6 5.8 17.82 1.32 0.33 3.8         
  449 8.3 34.5 5.9 18.32 1.32 0.32 3.9         
  500 8.1 34.5 7.2 19.66 1.42 0.37 5.2 0.38 -0.29       
  601 7.6 34.5 10.8 23.34 1.64 0.46 8.8         
  702 6.8 34.4 17.3 26.61 1.9 0.65 15.3 0.38        
  800 6 34.4 24.4 27.87 2 0.88 22.4         
  900        0.33        
104 15             0 0.58           
P3 19 12.7 34.9 0.8 3.92 0.4 0.2 -1.2 0.53 0.35       
lat:45.6S 49 12.4 34.9 0.8 5.21 0.53 0.15 -1.2 0.48 0.23       
long:153.7E 74 11.9 34.8 1.4 7.17 0.67 0.2 -0.6 0.48 0.17       
  101 10.3 34.8 3.9 14.05 1.04 0.28 1.9 0.41 -0.08       
  150 9.7 34.7 4.4 14.96 1.08 0.29 2.4 0.38 -0.12       
  199 9.3 34.7 4.6 16.06 1.13 0.29 2.6 0.42 -0.11       
  250 9 34.6 4.9 16.41 1.17 0.3 2.9         
  275 8.8 34.6              
  300 8.7 34.6 5.7 16.76 1.21 0.34 3.7 0.38 -0.19       
  349 8.6 34.6              
  401 8.4 34.6 5.7 18.6 1.28 0.31 3.7         
  450 8.3 34.5              
  501 7.9 34.5 8.7 21.95 1.51 0.4 6.7 0.42 -0.29       
  600 7.4 34.5              
  600 7.4 34.5 12.3 24.52 1.68 0.5 10.3         
  700 6.7 34.4 17.6 27.56 1.88 0.64 15.6 0.36 -0.52       
  900 5.2 34.4 29.1 31.28 2.19 0.93 27.1         
  1000               0.32         
105 13 16.8 35.5 0.3 0.01 0.13 30 -1.7 0.36 0.3   8 0.55 0.10 
  24 16.7 35.5 0.3 0.01 0.13 30 -1.7 0.34 0.28   43 0.83 0.01 
lat:44.2S 50 15.7 35.5 0.6 0.53 0.25 1.13 -1.4 0.28 0.16   93 1.28 0.13 
long:150.2E 76 14.8 35.4 1.1 2.89 0.42 0.38 -0.9 0.27 0.08   143 1.38 0.02 
  100 14.2 35.3 1.6 5.46 0.53 0.29 -0.4 0.28 0.04   193 1.23 0.04 
  124 14 35.4 2.9 8.82 0.68 0.33 0.9     293 0.58 0.10 
  150 13.6 35.4 3.1 9.5 0.73 0.33 1.1 0.28 -0.06       
  201 12.7 35.2 3.4 10.99 0.81 0.31 1.4 0.3 -0.08       
  251 12.1 35.1 4 12.58 0.9 0.32 2         
  300 11.4 35.1 3.8 13.25 0.94 0.29 1.8 0.28 -0.16       
  350 11 35 4 13.7 0.96 0.29 2         
  402 10.1 34.8 4.5 15.66 1.12 0.29 2.5         
  499 9 34.6 5.5 18.9 1.31 0.29 3.5 0.3 -0.32       
  600 8.5 34.6 7.5 21.42 1.47 0.35 5.5         
  700 8.1 34.6 12.8 25.41 1.72 0.5 10.8 0.32 -0.49       
  800 7.3 34.5 17.7 28.96 1.91 0.61 15.7         
  900 6.6 34.5 23.3 30.58 2.04 0.76 21.3         
  1000 5.7 34.4 29 32.86 2.2 0.88 27 0.29 -0.74       
  1250 4 34.4 50.1 36.77 2.47 1.36 48.1         
  1500 3.3 34.5 73.5 38.72 2.65 1.9 71.5         
  1751 2.8 34.6 84.2 36.47 2.61 2.31 82.2         
  2001 2.4 34.7 86.4 37.22 2.6 2.32 84.4         
  2249 2.2 34.7 89.6 36.48 2.53 2.46 87.6         
  2507 2 34.7 97.3 35.91 2.51 2.71 95.3         
108 15               0.2 0.16 lat: 43.2S 15 0.46 0.02 
  19 17 35.5 0.5 0.0 0.09  -1.5   long: 148.3E 50 0.38 0.07 
lat:43.7S 25        0.2    100 0.39 0.03 
long:148.6E 40 16.1 35.5 0.5 0.12 0.13 4.17 -1.5     150 0.7 0.04 
  50        0.2 0.14   200 0.78 0.02 
  75 15.1 35.4      0.16    300 0.49 0.04 
  101 14.8 35.4 1.2 3.38 0.34 0.36 -0.8 0.2 0.04       
  123 13.8 35.4              
  150 13.2 35.3 3 9.13 0.67 0.33 1 0.19 -0.12       
  199 12.7 35.2 3.4 10.21 0.74 0.33 1.4 0.19 -0.16       
  251 12.1 35.2              
  300 11.6 35.1 3.9 11.74 0.85 0.33 1.9 0.18 -0.22       
  349 11.1 35              
  397 10.5 34.9 5 14.2 1.07 0.35 3         
  450 9.8 34.8              
  500 9.4 34.7 5.5 17.53 1.21 0.31 3.5 0.23 -0.34       
  550 9.1 34.7              
  599 8.7 34.6 7.5 19.91 1.4 0.38 5.5         
  648 8.4 34.6              
  699 8.2 34.6 13 23.37 1.67 0.56 11 0.27 -0.51       
  801 7.4 34.5 17.2 27.35 1.87 0.63 15.2         
  898 6.4 34.5              
  1000 5.7 34.4 34.3 31.62 2.3 1.08 32.3 0.26 -0.82         
<LoD: below limit of detection             
nd: not determined               
